is paper summarizes an investigation of certain operating parameters on the viscosity of petroleum emulsions. e production of crude oil is accompanied by emulsi ed water production, which comes along with various challenges like corroding the transport systems and catalysts poisoning during petroleum re ning in the downstream. Several process variables are believed to a ect the ease with which emulsi ed water can be separated from emulsions. Some of the issues have not been extensively examined in the literature. e simplicity with which water is separated from petroleum changes with age (a er formation) of the emulsion; notwithstanding, this subject has not been investigated broadly in literature. is study tries to assess the correlation between aging time, water cut, crude oil viscosity, water viscosity and amount of solids and viscosity of petroleum emulsions. To achieve that, a response surface methodology (RSM) based on Box-Behnken design (BBD) was used to design the experiment. Synthetic emulsions were prepared from an O shore Malaysian Crude oil based on the DoE design and were aged for 7 days. e emulsions viscosities were measured at 60-degree Celsius using an electromagnetic viscometer (EV100). e broad pressure and temperature range of the HPHT viscometer permit the imitation of acute conditions under which such emulsions may form. e data obtained from the RSM analysis was used to develop a prediction model using gene expression programming (GEP). It was discovered that the viscosity of water has no e ect on the viscosities of the studied emulsions, as does the water cut and amount of solids. e most signi cant factor that a ects emulsion viscosity is the aging time, with the emulsion becoming more viscous over time. is is believed to be imminent because of variations in the interfacial lm structure. is is followed by the amount of solids, also believed to be as a result of increasing coverage at the interface of the water droplets, limiting the movements of the dispersed droplets (reduced coalescence), thereby increasing the viscosity of the emulsions.
Introduction
An emulsion has been de ned in numerous ways, to mean a system that contains two (immiscible) aqueous phases, one of the phases dispersed as droplets (internal phase) in another (the continuous phase). In the presence of oil and brine, at least two types of emulsions can form. ese emulsions are, either one in which the oil is dispersed in the brine (also called oil-in-water) and the second in which brine is dispersed in the oil (also called water-in-oil) [1] [2] . Almost all emulsions found in the oil elds are those in which brine is dispersed in the oil; the water-in-oil type. In this paper, all emulsions discussed refer to this type of emulsion [3] [4] [5] . Other de nitions provided described emulsion as a blend of two unmixable liquids when blended, one of which is spread (dispersed) as very small globules in the other, and is made stable by an emulsifying agent [5] [6] [7] . Something basic to all the descriptions provided in the literature by several authors is evident in the thermodynamic instability of these emulsions, which makes them separate into water and oil phases upon leaving them to settle over time [6] . e thermodynamic instability of these emulsions, herein de ned as macro-emulsions (with dispersed phase greater than 0.1 µm), is assumed so because the contact between the oil and water molecules does not support the mix-up, hence, they will invariably break into separate phases with time [8, 9, 10] .
is aspect of emulsions has received a lot of attention from researchers, leading to the availability of comprehensive literature about its formation and stabilization [11] . A more extensive understanding of w/o emulsions requires a deeper knowledge of the materials responsible for their formation and stabilization, especially so, since the materials responsible for their formation vary across areas of application and study. Also, extensive knowledge of their physical properties like viscosity is necessary for its handling and treatment. e viscosity of a liquid is described as a measure of the internal uid friction in the liquid. In other words, it is the opposition to uid ow, shear, and agitation. In addition to the viscosity of the continuous phase, the viscosity of an emulsion is complicated by the presence of certain solid particles it contains, as well as the aging period [12] . e ow behaviours of undiluted emulsions are of concern in several applications. For instance, the selection of blending equipment and the energy speci cations for creating an emulsion is subject to the emulsion rheology. Predicting the transport function of emulsions within pipelines requires familiarity with likely shi s of viscosity with the shear rate besides concentration. Several in uential industry operations such as oil-well drilling, fracturing, and acidizing methods, together with other operations that involve handling of large volumes of emulsions require understanding and control of the viscous properties of these emulsions. Despite the importance of this problem, there has been limited theoretical or empirical expressions that correlate the viscosity of petroleum emulsions with the amount of solids present in the continuous phase, the viscosity of the phases and variation in aging time [13, 14] .
Materials and Methods

Design of Experiment-Response Surface
Methodology. Both DoE and RSM are typically used to statistically identify the signi cant factors (independent variables) in a model and to generate response surface model that can be used to predict the outcome by providing a mathematical equation. In this study, the experiment was designed using Stratigraphic Centurion version VII. In the design of experiments, ve independent variables were considered, which are: aging time, water viscosity, oil viscosity, water cut and amount of solids. e dependent variable (response) is the emulsion viscosity ( ). Each of the independent variable ( 1 , 2, 3, 4 , and 5 ) was varied numerically over 3 levels and coded as −1, 0, and 1. Analysis of variance (ANOVA) and regression analysis was performed to ascertain how statistically consequential the model terms are, and as well t a regression correlation correlating the experimental data to the independent variables. Assuming the variations of , (emulsion viscosity) obey an eight parameter, second order equation of the form shown below:
where , the response value estimated by the model; 0 is constant, 1 an o set value is linear, is quadratic and is interrelationship coe cients of regression. e model competency was de ned using model summary; lack-of t test and coe cient of determination ( 2 ) analysis. Joglekar, [15] suggested that for 2 to be regarded for an acceptable tness of a response model, the value should be at least 0.80. For all statistically nonsigni cant terms ( > 0.05), they were discarded from the initial model and the empirical (1)
data re tted only to signi cant ( < 0.05) variable e ects to obtain the nal reduced model.
Preparation of Synthetic Emulsions.
e synthetic emulsions used in this study were prepared using di erent water-to-oil ratios based on the design suggested by the DoE. Distilled water was used as the internal phase and a mineral oil (with properties shown in Table 1 ) as the continuous phase.
Before mixing the oil and water, the emulsi ers used in this study, a nonionic surfactant, Sorbitan monooleate (Span 80) and various amount of solids (with size 0.05 µm) were combined with the oil phase and mixed with a homogenizer, for around 3 minutes. e concentration of surfactant Sorbitan Monooleate (Span 80), was 2 mg/L. Span 80 was chosen because it is a nonionic surfactant with Hydrophilic-lipophilic balance (HLB) of 4.3, used in the formation of water-in-oil emulsions. Surfactants with HLB values between 3 and 6, the oil-loving group (lipophilic) predominates, and they form w/o emulsions. e solids used in the study are inorganic solid extracts from Malaysian oil eld emulsions, majorly calcite materials. e characteristics of the solids have been reported in our previous study, Abubakar et al. [17] .
is method is known as the surfactant-in-oil method. Furthermore, the oil that now contains the solids and surfactants is mixed with the deionized water employing a Homogenizer. e homogenization was made at 10 000 rpm for a period of 5 min. e prepared emulsions are then stored in graduated plastic centrifuge bottles for further analysis.
Gene Expression Programming (GEP). Gene expression programming (GEP)
is a typically comprehensive model/ phenotype system in which the chromosomes (genetic code)/expression trees form a truly operative, inseparable entity [16] . Indeed, in GEP things like invalid expression tree or program do not exist. Unmistakably, the interaction of GEP chromosomes and expression trees needs a clear-cut interpretation system to allot the sign of chromosomes into the language of expression trees. e bene ts of a system like GEP are distinct from nature, but the most signi cant should be emphasized. First, the chromosomes are simple entities: linear, compact, comparatively small, simple to manipulate genetically (replicate, mutate, recombine, transpose, etc.). Secondly, the expression trees (ETs) are solely the expression of their individual chromosomes; they are the objects upon which assortment works and, according to tness, they are chosen to generate with modi cation. During replication, it is the chromosomes of the individuals that are replicated with modi cation and forwarded to the next generation, not the ETs. Because of these characteristics, GEP is remarkably versatile and exceedingly outperforms the current evolutionary techniques [18, 19] . e ow diagram of a gene expression algorithm (GEA) shown in Figure 1 starts with the stochastic creation of the chromosomes of the original population. is is followed by displaying the chromosomes, and estimation of the tness of each chromosome displayed. is is followed by the selection of individuals according to appropriateness to generate with adjustment, transmitting new traits to the progeny (descendants). e individuals of the new generation are constrained by the same exploratory process which involves the creation of the genomes, their contact with the collection environment and nally reproduction with adjustment. is process is duplicated for a speci c number of generations or at least continuously till a solution has been found.
Viscosity Measurement -Electromagnetic
Viscometer. e principle of operation of the electromagnetic viscometer is an e ortless and de nitive electromagnetic concept. Two coils push the piston backward and forward through a xed magnetic induction force. Established connections analyze the piston's two-way movement time to estimate absolute viscosity. A built-in temperature detector (RTD) recognizes (by sensing) the actual temperature in the sampling container. e viscometer is made up of a Cambridge Electromagnetic Viscometer SPSL 440 and a set of six calibrated pistons to cover viscosities ranging from 0.2 cP to 10,000 cP. An external heating and recirculating bath provide heat. It is an equipment that gives a very accurate measurement of large viscosity ranges at reservoir conditions. e equipment was ensured to be in good condition before use. One day before each test, the equipment was warmed while observing all the safety procedure. To take a measurement, the equipment, cooling bath and the desktop computer were switched on and all connections were checked properly. e cell was vacuumed and the range of viscosity (in centipoise) was chosen, the temperature and pressure desired were chosen and the sample cell was lled. e "run measurement" button was pressed, and measurement allowed to be taken. e result was taken, and data saved in the computer. Journal of Applied Mathematics 4 e insigni cance of water viscosity in the overall emulsion viscosity can be ascribed to the fact that water, which has lower viscosity than oil, is the dispersed phase whose molecules are smaller compared to the crude oil molecules that exist as chains which can get tangled up with each other. Due to droplet crowding, emulsions indicate nonNewtonian behavior, which is why their viscosity is higher than the viscosity of oil and water [21] . Another interesting observation that can be made on the main e ects plot is the nature of variation of the e ects. As seen, both aging time and amount of solids show parallel lines that continues, indicating that as the aging time and amount of solids increase, the viscosity of the emulsion would keep increasing. However, the water cut show a sign of curving upon reaching a maximum, indicating that there is a maximum value to which the e ect of both oil viscosity and water cut would either cease or would be in the reverse e ect.
Results and Discussions
As observed in the study, increase in solids concentration leads to a corresponding increase in emulsion viscosity, believed to have a ected the dispersed droplets sizes (making them smaller). is could be as a result of numerous likely reasons: (a) with the decrease in droplet size, the average distance between the droplets decreases, leading to an increase in hydrodynamic interaction and viscosity; (b) the thickness of the adsorbed surfactant layer at the oil/water interface, and (c) the increase in viscosity, upon reduction of droplet size, could be partially due to an increase in the e ective dispersed-phase concentration. It is di cult to determine which mechanism leads here, but all three are possible [22, 23] . Table 2 shows the lower, middle and upper experimental design parameters de ned by −1, 0, and +1 respectively. Table 3 presents the predicted regression coe cients for the response variable, simultaneously with the equivalent 2 , -value, and the -value of lack of t. e ANOVA table distributes the variability in Emulsion Viscosity (cP) into discrete segments for the individual parameters. In addition, it examines the statistical signi cance (consequence) of the individual parameters by analyzing the mean square upon an estimation of the experimental error. Here, 11 parameters have -values less than 0.05, showing that they are signi cantly di erent from zero at the 95.0% con dence level. e -squared statistic proves that the model as tted describes 87.164% of the unevenness in Emulsion Viscosity (cP). e adjusted -squared statistic, which is more tting when relating models with different numbers of independent variables, is 85.6359%. e standard error of the estimation shows the standard deviation of the residuals to be 8.71296. e mean absolute error (MAE) of 6.54856 is the average value of the residuals. e Durbin-Watson (DW) statistic examines the residuals to determine if there is any signi cant relationship with regards to the order in which they occur. Since the -value is less than 0.05, there is an indication of possible serial correlation at the 5% significance level. From Table 3 , it is evident that 11 parameters show signi cance in the viscosity of emulsions studied. Also, from Figures 2 and 3, Equations 2 and 3, we can observe that the length of each bar in the Pareto charts is proportional to the value of a -statistic calculated for the corresponding e ect. Any bars beyond the vertical line are statistically signi cant at the selected signi cance level, set by default at 5%. In this case, there are 11 signi cant main e ects on emulsion viscosity. Equation 3 is therefore the re tted model equation that excludes all insigni cant parameters. Figure 4 is the main e ect plot, and it shows how each factor a ects the viscosity of the emulsion. e lines specify the predictable change in emulsion viscosity as each factor is moved from its low level to its high. e four factors with signi cant main e ects are shown. ese factors have higher in uence on the response, i.e. emulsion viscosity. For example, the average emulsion viscosity at the 1 st day of the emulsion's life is around 97, but averages to around 141 at the 7 th day of observation. e di erence of 44 is called the "main e ect" of aging time. e main e ect of oil viscosity is around 13, that of water cut is around 44 and that of the solids content is up to 49, indicating very signi cant e ect. According to [20] , the W/O emulsion would exhibit Newtonian characteristic when water content is no more than 20% and exhibit nonNewtonian characteristic if otherwise. predicted stabilities in the GEP model was slightly greater than of the RSM model, corresponding to the values of their 2 of 0.8716 and 0.8318 respectively. is indicates that both models can be used to predict the viscosity of petrolem emulsions stabilized by the solids, water cuts and oil/water viscosities. e gene expression programming (GEP) is a learning algorithm that combines both the simple, linear chromosomes of xed length like the ones used in genetic algorithm (GAs) and the branched structures of di erent sizes and shapes like the parse trees of genetic programming (GP). is evolutionary technique was invented by Ferreira [16] in 1999. GEP algorithm performs excellently in providing solution to problems related to symbolic regression, optimization, time series analysis, classi cation and logic synthesis. e output from the GEP model is usually presented in form of mathematical equations, logical expressions, decision trees and neural networks.
Similarly, using the data obtained from visual observations and following the procedure for prediction using GEP highlighted in the methodology section, a GEP equation for the prediction of emulsion viscosity was obtained as:
.
To further understand the tted model, 3-D surface plots shown in Figure 5 were plotted. On the -axis of all the plots shown is the emulsion viscosity, while the and axes carry the variables that are compared. ese graphs provide a clearer view of the e ects of the variables as explained thus far.
To explore the accuracy of the models, a comparison between the predicted stabilities from all the three models was made with the corresponding results observed from the experiments, as depicted in Figure 6 . e point collection around the 45-degre line illustrate that the deviation between the . e overall viscosity is
where 0 , 1 , 2 , 3 , and 4 corresponds to the model input variables; aging time, water viscosity, oil viscosity, water cut and amount of solids respectively. e numerical constants for expression trees 1 , 2 , and 3 are as shown below:
Numerical Constants.
1 : Journal of Applied Mathematics 8 certain variables on the viscosity of emulsions. We have found that aging time of an emulsion has the greatest e ect on its viscosity, where the emulsion viscosity increases with time.
e amount of solids that accompany these emulsions, either from the continuous phase or from the surrounding environments also play signi cant importance, especially since it strongly a ects the interfacial lm that surrounds the dispersed phase. Among all the parameters investigated, this study shows that the viscosity of the water plays no signi cant role in the viscosity of the emulsion.
A statistical approach was adopted to assess the e ect of the variables singly and in combination and resulted into a model equation that can be used to predict the viscosity of the emulsion. is is followed by a GEP model which also gives an equation that can be used to predict the emulsion viscosity.
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Conclusions
Understanding the behaviors of petroleum emulsions remain an important routine operation in the oil industry. It is believed that two third of all crude oils in the world are produced in form of emulsions. While some of these emulsions are easy to be separated, some separate with varying levels of di culties. Understanding the viscosity of these water-in-oil emulsions are signi cant in designing eld gathering systems and pipelines that handle wet oil (crude oil that contains water). Many wells produce crude oil in form of emulsions, and the viscosity of the emulsion will directly a ect pumping pressures and tubing sizes. In this study, we have investigated the e ects of (10) 
